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ABSTRACT 
The peak s t a t i c  pressures 'measured  a t  t h e  i n l e t  t o  t h e  eng ine  du r ing  
s t a l l  a r e  p re sen ted  f o r  a  t u r b o j e t  and two t u r b o f a n  eng ines .  It i s  shown 
f o r  one t u r b o f a n  and t h e  t u r b o j e t  t h a t  t h e  s t a t i c  p r e s s u r e  r a t i o  a c r o s s  t h e  
harnmershock does no t  exceed s i g n i f i c a n t l y  t h e  normal shock p r e s s u r e  r a t i o  
necessa ry  t o  s t o p  t h e  flow. The second tu rbo fan  eng ine  d i d  no t  f o l l o w  t h i s  
r u l e .  P o s s i b l e  r easons  f o r  t h e  d e p a r t u r e  a r e  d i scussed .  For  t h e  two.turbo- 
f a n  eng ines  t h e  i n f l u e n c e  of t h e  s t a l l  method on t h e  hammershock i n t e n s i t y  
h a s  been i n v e s t i g a t e d .  Data r e l a t e d  t o  t h e  s p a t i a l  d i s t r i b u t i o n  of  p r e s s u r e  
i n  t h e  hammershock a r e  a l s o  p r e s e n t e d .  
* Aerospace Engineer ,  Member.of AIM, 
** Aerospace EngAneer 
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NOMENCLATURE 
a = speed of sound 
C~ = specific heat at constant pressure 
t 
M = Mach number 
P = total pressure 
? = static pressure 
T = static temperature 
t = time 
V = velocity 
"P = shock propagation velocity 
'd = specific heat ratio 
= density 
Subscripts 
1 = airflow measuring station 
2 = engine inlet 
3 = compressor exit, 585 and GE 1/10 
4 a compressor exit, TF30 
F = fan duct 
H = maximum pressure in the hammershock 
S = calculated pressure behind the shock wave 
Superscripts 
- = circumferential average 
h = average of peak values 
I .: specific value of P used to normalize P2 in Fig. 10. 
INTRODUCTION 
This paper is concerned with the description and correlation of 
the strength of the compression wave (hammershock) formed at the engine 
face immediately following stall. Peak pressure at the engine face as 
a result of compressor stall often exceeds by a wide margin the inlet 
total pressure. Therefore, accurate knowledge about the maximum possible 
value for this pressure is important as it provides the basis for cal- 
culation of the design-limiting pressures throughout the inlet system. 
In addition to the maximum pressure in the hammershock, it is 
also important to have information about the magnitude of the pressure 
difference in the circumfzrential direction. This pressure difference 
acts as a lateral load on such inlet structures as the centerbody 
support struts and the inlet guide-vanes. 
Previous experimental correlations of the peak pressure in the 
bammershocl~: were usually given in terms of overall compressor pressure 
ratio. Using flight data on a two-spool turbofan engine (TF30), it was 
shown in Ref. 1 that the ratio of peak static pressure at the engin& 
face to the compressor discharge static pressure is nearly independent 
of the compressor pressure ratio. In Ref. 2, this pressure-ratio cor- 
relation was applied to a turbojet engine with modification which 
amounted to the replacement of static pressures at the compressor 
inlet and discharge with total pressures. 
References 3 and 4 correlate pressure ratio across the hammershock 
directly in terms of compressor pressure ratio. ,In Ref. 3, all pressures 
were static and in Ref. 4 ,  all pressures were total. Reference 4 also 
correlates peak total pressdre at the compressor face in terms of 
compressor mass-flow at initiation of stall. 
Reference 5 attempts to correlate the data from several engines 
in terms of a parameter which is a function of the maximum pressure 
rise across the hammershock, the engine inlet pressure, and the engine 
inlet Mach number. 
In most of the reported work cited above, only one or two methods 
were employed to stall the engine. The question therefore remains as 
to whether the reported peak hammershock pressures could be exceeded 
if another method were chosen to stall the engine. Different stall 
methods may cause initiation of stall at different locations in a com- 
pressor and, therefore, have some influence on the intensity of the 
hammershock wave. 
There also appears to be a need for a better correlation of the 
hammershock data f r ~ m  different engines. The data obtained at Lewis 
on a turbojet and two turbofan engines with different bypass ratios 
do not follow the trend predicted in Ref. 5 .  
The present investigation deals with the above two problems. 
Existing correlations are also examined as to their relative merit. 
Additional data are presented which examine the circumferential uni- 
formity of the hammershock wave. 
A low bypass r a t i o  two-spool turbofan (TF30-P3), a  h igher  bypass 
r a t i o  two-spool turbofan (GE 1/10) ,  and a  t u r b o j e t  (385-13) a r e  included 
i n  t h e  i n v e s t i g a t i o n .  The d a t a  from the  f i r s t  engine were obta ined 
by employing nine  d i f f e r e n t  s t a l l  methods. The second and t h i r d  engines  
involved,  r e s p e c t i v e l y ,  f i v e  and two d i f f e r e n t  s t a l l  methods. A wide 
range of opera t ing  cond i t ions  a r e  covered f o r  each engine.  The t e s t s  
include s e v e r a l  types of i n l e t  f low d i s t o r t i o n  of varying extent .  
The d a t a  on a l l  t h r e e  engines  were obta ined i n  a  d i rec t -connec t  
type  a l t i t u d e  t e s t  f a c i l i t y .  
APPARATUS AND PROCEDURE 
Engines I n v e s t i g a t e d  
F igure  1 i l l u s t r a t e s  the  t h r e e  engines  i n v e s t i g a t e ?  with a s s o c i a t e d  
i n l e t  duct ing.  The TF30-P3 and GE 1/16 engines  a r e  both  two-spool 
t u r b o f a m w i t h  r e s p e c t i v e  bypass r a t i o s  of 1.0 and 1.5. The TF30 engine 
has  a  th ree - s t age  f a n  and a  s i x - s t a g e  a x i a l  compressor on t h e  low- 
speed spool  and a  seven-stage a x i a l  compresscr on t h e  high-speed spool.  
The GE 1/10 engine has  a  two-stage f a n  on t h e  low-speed spool  and a  
seven-stage a x i a l  compressor on t h e  high-speed spool.  The f a n  and com- 
p ressor  i n  t h i s  engine a r e  not  a s  c l o s e l y  coupled as i n  t h e  TF30 engine.  
The J85-13 engine i s  a  s i n g l e  spool  t u r b o j e t .  The e i g h t - s t a g e  
a x i a l  c m p r e s s o r  i n  t h i s  engine i s  equipped wi th  v a r i a b l e  i n l e t  guide- 
vanes. A l l  t h r e e  engines  a r e  equipped wi th  a f t e r b u r n e r s .  
Also shown in Fig. 1 are the locations of the distortion devices 
for each engine. The numbers in the figure designate the locations of: 
airflow measuring station (I), engine inlet station (2 ) ,  and compressor 
discharge station (3 or 4). 
Engine Stall Methods 
The following methods were employed to stall the TF30 engine: 
1. Sudden introduction of a premeterel #.!uantity of fuel to the 
primary burner (fuel-pulse); 
2. Gradual introduction of air into the high-pressure compressor 
discharge volume (inflow-bleed); 
3. Slowly advancing the engine throttle in conjunction with an 
off-design nozzle area setting (acceleration); 
4. Gradually increasing the exit nozzle area; 
5. Inducing afterburner transients; and, 
6. Inducing inlet flow distortion. 
Methods (1) to (4) result in either an increase of the compressor 
discharge pressure until the engine stalls (I), or a rematch among the 
various engine components eventually causing stall (3,4), or a combin- 
ation of both (2). Afterburner transients involving both,throttle bursts 
and throttle chops result in a pressure rise in the afterburner (Ref. 6). 
Inlet flow-distortion stalls involved both pressure and temperature 
distortions. Pressure distortions were produced by an air-jet system 
installed in front of the fan, facing upstream (Ref. 7). A pressure 
distortion pattern was produced by flowing the secondary air through 
the jets forming the desired distortion pattern. The steady-state 
pressure distortion stalls were obtained by gradually increasing the 
secondary air flow through the distorted sector,i.e., amplifying the 
distortion. 
Dynamic pressure distortion stalls were generated by using the 
air-jet system to simulate the dynamic distortions pattern from the 
engine-inlet pressure records obtained during a flight of a FlllA 
airplane (flight simulation stalls). 
Temperature distortion was produced by a hydrogen burner located 
in front of the bellmouth, which was divided into four quadrants 
(Ref. 8). These quadrants could be fired independently or in combina- 
tion with each other. The level of distortion was controlled by the 
hydrogen flow rate. Inlet temperature pulses were produced by a 
sudden introduction of a premetered quantity of hydrogen to the burner. 
For the TF30 engine, the extent of the inlet temperature and pres- 
sure distortion was 180°, except for two inlet temperature pulses which 
involved the full 360' extent, and the three flight-simulation stalls 
which duplicated the Flll inlet distortion pattern. 
Methods (1) through (5) noted previously for the TF30 engine were 
also used to stall the GE 1/10 engine. The difference being that the 
exit nozzle area had to be decreased and the afterburner transients 
were limited to afterburner ignition. Stalls produced by inlet flow 
distortion were not attempted with this engine. However, during most 
of the runs some flow distortion was present. The flow distortion was 
generated by s e v e r a l  d i f f e r e n t  types  of sc reens  i n s t a l l e d  i n  f r o n t  of 
the  engine (Fig .  1 ) .  The GE 1/10 engine s t a l l s  a r e  d iscussed more f u l l y  
i n  Ref. 9. 
The 585 engine was s t a l l e d  by reducing the  exhaust nozzle a r e a  and 
by i n i t i a t i n g  an i n l e t  temperature pu l se .  As i n  the  case  of t h e  TF30 
engine,  hydrogen burners  were located i n  f r o n t  of t h e  i n l e t  bellmouth 
F i g .  1 Some i n l e t  temperature : i s t o r t i o n  was always p resen t .  The 
d i s t o r t i o n  p a t t e r n s  involved combinations of one t o  t h r e e  temperature- 
d i s t o r t e d  quadrants.  A few temperature-pulse s t a l l s  involved a l l  four  
quadrants.  Temperature d i s t o r t i o n  e f f e c t s  on t h e  J -85 engine a r e  
d iscussed more f u l l y  i n  Ref. LO. 
Ins t rumenta t ion  
Spec ia l ly  designed probes and s t a t i c  t a p s  u t i l i z i n g  minia ture  h igh-  
frequency response t r ansducers  (Ref. 11) were used t o  measure t r a n s i e n t  
p ressures  a t  va r ious  l o c a t i o n s  i n  t h e  engine.  The analog p ressure  
records  of t h e  s t a l l s  were d i g i t i z e d  and converted t o  engineeri t lg u n i t s .  
The r a t e  of d i g i t i z a t i o n  was every  mi l l i second  f o r  t h e  TF30 and 585 
engines and every  10 mi l l i seconds  f o r  t h e  GE 1 /10 ecgine.  For the  l a t t e r  
engine,  t h e r e f o r e ,  analog p r e s s u r e  records  had t o  be used i n  o rde r  t o  
l o c a t e  t h e  ~naximorn i n l e t  p ressure  dur ing s t a l l .  
The high-response p r e s s u r e  ins t rumenta t ion  loca ted  a t  s t a t i o n  2 
(Fig.  1 )  included two s t a t i c  and 40 t o t a l  p r e s s u r e s  f o r  the  TF30 engine ,  
two s t a t i c  and two t o t a l  p r e s s u r e s  f o r  t h e  GE 1/10 engine ,  and four  
s t a t i c  p resaures  f o r  t h e  585 engine.  I n  a l l  cases  s t a t i c  p r e s s u r e s  
were located i n  t h e  o u t e r  wa l l  of t h e  annu lus , i . e . ,  t i p  wa l l .  
I t A t  l e a s t  one high-response. compressor-discharge s t a t i c  pressure was 
ava i lab le  for  each engine. For the TF30 and GE 1/10 engines use was a l s o  
A. 
t: 
z made of two s t a t i c  pressure measurements behind the r ea r  fan s tage i n  the 3: 
f bypass duct and the core compressor i n l e t .  During some of the t e s t s  on the 
w 
i 
5 TF30 engine, a high-response s t a t i c  pressure was a l s o  recorded a t  s t a t i o n  1 
1 
(Fig. 1) .  
Correlat ion .of Peak Hammershock 
Pressures i n  Terms of Pressure Ratios 
Figure 2 presents peak s t a t i c  pressure r a t i o s  across the hammershock 
plotted against the s t a t i c  pressure r a t i o  across the compressor f o r  the 
TF30 engine. The peak s t a t i c  pressure i n  the hammershock i s  the la rger  
maxi~lum value recorded by the two pressure transducers a t  s t a t i o n  2. The 
-,.slues of engine-inlet  and compressor-discharge. s t a t i c  pressures used i n  
Fi,;. 2 were obtained from d ig i t i zed  analog records a t  some point i n  time 
usually within 75 mil l isrconds pr ior  t o  the f i r s t  ind ica t ion  of s t a l l .  The 
i 
choice of 'time r e l a t i v e  t o  s t a l l  when these pressures a re  read i s  espec ia l ly  
t 
k 
I s ign i f i can t  for  the fuel-pulse s t a l l s .  The application of a fue l  pulse 
1 
6 of ten  resul ted i n  a marked compressor discharge pressure r i s e  wi th in  about t 
1 .  60 tnilliseconds of s t a l l .  'Swo values for  t h i s  pressure are  therefore 
i 5 
i 
i possible.  One value corresponds t o  the s teady-s ta te  leve l  preceding the 
f .  
H fue l  pulse, and the other value corresponds t o  the post fuel-pulse leve l ,  
i usually taken within 30 milliseconds preceding the s t a l l .  I n  Fig. 2 the 
da t a  a r e  plotted based on b o ~ h  pre- and post- fuel-pulse leve ls  (open and 
shaded symbols, respect ively) .  To a l e s se r  degree engine pressures were 
a l s o  affected by the af terburner t ranaiencs,  A small r i s e  i n  botk ,compressor 
.y  1 discharge and engine-ihlet  s t a t i c  pressure was noticed following an a f t e r -  
. ,  
burner t rans ien t .  I n  Fig. 2 thesc ?oirts were, therefore,  t rea ted  i n  the same 
' 1  way as the fue l  pulse points. 
a, 
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For some fuel-pulse s t a l l s  it appears t h a t  a  s teady-s ta te  condition 
was not establ ished pr ior  t o  the s t a l l i n g  fuel-pulse.  This was pa r t i cu l a r ly  
evident i n  the case of the flagged points noted i n  Fig. 2 which £el: :, I 7 -  
erably below a l l  other points. (To be cons is ten t  with the general : u l e  
s t a t ed  previously, i n  such cases pressures were read a t  about 75 m i l l i -  
seconds preceding the s t a l l  f o r  points u.i ing pre-pulse pressures .) These 
points were included i n  order t o  i l l u s t r a t e  the importance of having a  
steady pressure leve l  a t  the compressor e x i t  when using t h i s  cor re la t ion .  
As w i l l  be shawn, t h i s  requirement i s  not nearly as c r i t i c a l  when co r re l -  
a t i ng  hamershock pressures i n  terms of another parameter. 
The fuel-pulse and ~ f t e r b u r n e r - t r a n s i e n t  points corresponding t o  post- 
pulse values of the pressurc r a t i o s ,  shown as  shaded symbols i n  Fig. 2 , 
are displaced t o  the r i g h t  ( fue l  pulses) or  below (af terburner  t r ans i en t s )  
t h e i r  pre-pulse positions.  I n  pa r t i cu l a r ,  fuel-pulse points a r e  seen t o  
f a l l  considerably below a l l  the other points. This seems t o  indicate  t h a t  
the compressor has not adjusted t o  the higher e x i t  pressure l eve l  induced 
by a  fue l  pulse and tha t ,  therefore,  when using t h i s  co r r e l a t ion  fo r  the 
TP30 engine the compressor discharge pressure should c.l::espond t o  the pre- 
pulse level .  
In  general ,  a  f a i r  amount of da t a  s c a t t e r  can be not,ced i n  Fig. 2 
even i f  flagged and post- fuel-pulse points are  excluded from cons iderat ion.  
However, fo r  any one par t icu lar  s t a l l  method, except possibly for  fue l  
pulses, a considerably narrower da ta  s c a t t e r  band can be defined. It can 
be seen t h a t ,  i n  general ,  d i s t o r t i o n  generated s t a l l s  produce higher peak 
hammershock pressures than s t a l l s  generated by other  methods. The upper 
l i m i t  f o r  the hammershock pressure r a t i o  i s  determined by the s teady-s ta te  
pressure-dis tor t ion s t a l l s .  
The r e s u l t s  fo r  thc GE 1/10 engine a re  shown i n  Fig. 3. As i n  the case 
of the TF30 engine, there i s  considerable da t a  s c a t t e r  and the poet-fuel-pulse 
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points f a l l  t o  the r igh t  of t h e i r  respective pre-pulse positioils. However, 
i n  the case of the GE 1/10 engine, the fuel-pulse points deviate  l e s s  from 
the r e s t  of the points i f  the pressure r a t i o s  a re  taken t o  correspond t o  
post-fuel-pulse levels .  The upper l i m i t  of the hamrner~hock pressure r a t i o s  
i n  Fig. 3 i s  defined by fuel-pulse points,  
The r e su l t s  for  the 585 engine a r e  presented i n  Fig. 4. In  comparison 
with previous f igures ,  there appears t o  be l e s s  s c a t t e r .  I n  pa r t ,  t h i s  may 
be due t o  the f a c t  t h a t  the 585 i s  a r e l a t i ve ly  simple engine i n  comparison 
with the TF30 and GE 1/10 engines. However, t h i s  may a l so  be due t o  the 
f a c t  tha t  only two s t a l l  methods were employed f o r  t h i s  engine. 
Results from a l l  three engines a re  compared i n  Fig. 5. I n  addi t ion,  
t h i s  f igure includes f l i g h t  da ta  from tile TF30-PI engine reported i n  Ref. 1, 
and da t a  on the Olympus 593 B engine reported i n  Ref. 3. It can b,. seen 
t h a t  each engine spans about the same range of l~amershock pressure r ~ + i o s ,  
and t h a t  d i f f e r en t  e ,~gines ,  i n  general ,  do not co r r e l a t e  with eacn othe- 
The f l i g h t  s t a l l  da t a  froin the TF30-P1 engine r e s u l t  i n  somewhbt 
s t ronger  hammershocks a t  higher pressure r a t i o s  than indicated by the present 
da t a  on the TF30-P3 engine. It was i n d ~ c a t e d  i n  Ref. 1 t h a t  the most promi- 
nent cause of compressor s t a l l  was s teady-s ta te  d i s to r t i on .  The s t a l l  
da t a  obtained from the a l t i t u d e  t e s t  f a c i l i t y  which most c lose ly  approach 
the f l i g h t  da t a  a r e  a l so  obtained by s teady-state  d i s to r t i on .  However, 
r e f e r r ing  t o  Fig. 2 ,  it can be seen t h a t  dynamic f l ight-s imulat ion points 
f e l l  considerably below the f l i g h t  data.  
Additional da ta  on the 585 engine tes ted  i n  combination with a super- 
sonic i a l e t  a;e reported i n  Refs. 2 and 4. However, i n  these references 
t o t a l  pressures ra ther  than s t a t i c  pressures were used t o  co r r e l a t e  the data.  
Neglecting small differences between t o t a l  and s t a t i c  pressures,  the agree- 
ment with the da t a  oresented i n  Figs. 4 and 5 is good except a t  low pressure 
r a t i o s  where severa l  points reported i n  Ref. 4 would f a l l  below the lower 
l i n e  indicated i r  ? ~ C J .  4 and 5. 
.I 
:I 
:I I n  Figure 6 the maximum s t a t i c  pressure i n  the hammershock was rat ioed 
t o  the compressor discharge s t a t i c  pressure. It was noted i n  Ref. 1 t h a t  
..I 
: 1 the peak hammershock pressure normalized i n  t h i s  w 2 j  i s  fari1.y independent 
5 I 
;I of the compressor pressure r a t i o .  As seen i n  Fig. 6 t h i s  does not seem t o  
I 
I 
,I . hold for  the present data.  For - msis tency  with the TF30 engine, the da t a  
for the GE 1/10 engine i n  Fig. 6 were plotted using pre-fuel-pulse compressor- 
.r 
discharge pressures. 
I 
'I Figure 7 presents another co r r e l a t ion  for  the GE 1/10 engine. Hammershock 
4 s t a t i c  pressure r a t i o  i s  plotted aga ins t  the fan duct t o  engine i n l e t  s t a t i c  
I 
pressure r a t i o .  It  is seen t h a t  the da t a  s c a t t e r  is reduced i n  comparison 
i 
with Fig. 3. For the TF30 engi.ne, however. no improvement has beet noticed 
using t h i s  cor re la t ion .  
Charac ter i s t ics  of Hammershock Wave and 
Dapendence on Engine I n l e t  Mach Number 
When r e l a t ing  the s t a t i c  pressure r a t i o  across the hammershock t o  
the engine i n l e t  Mach nbmber, it i s  a l s o  of i n t e r e s t  t o  compare the measured 
pressure r a t i o s  with calculated pressure r a t i o s  across the shock wave fo r  
which the flow veloci ty  behind the wave i s  zero. Occasionally, such a 
comparison has been made using i so la ted  da ta  points (Refs. 12 and 13). 
Results were, however, o f t en  con£ l i c t i n g .  
Simple expressions can be derived for  +he flow-stoppage shock-propa- 
gat ion veloci ty  and pressure r a t i o .  Use i s  made of one-divensional conserv- 
a t ion  equations for  mass, momentum, and cnergy across the shock wave: 
The resu l t ing  expressicns are:  
where Vp is directed upstream. 
The values of ( P S / P ~ )  calculated from Eq. (2) a re  plot ted together w i t h  
the measured hanmershock pressure r a t i o s  i n  Fig. 8. The computed shock 
pressure r a t i o  provides a f a i l y  good est imate of the upper bound of the 
experimental data.  par t icu lar ly  a t  higher Mach numbers. 
It can be seen t h a t  the four post-fuel-pulse points noted previously 
i n  Fig. 2 (flagged points) a re  now within the range of tl-.; other  data  points. 
This indicates  t h a t  cor re la t ing  the da t a  i n  terms of i n l e t  Mach number has 
p rac t i ca l  advantages. 
Figure 9 presents time h i s t o r i e s  of two s t a t i c  and two t o t a l  engine i n l e t  
pressures approximately 180 degrees apar t  during the fue l -s tep  s t a l i  cor re-  
sponding t o  M2 = .444 i n  Fig. 8. It i s  noted tha t  on one s ide  of the i n l e t  
duct the s t a t i c  pressure exceeds the t o t a l  pressure,  which ind ica tes  t h a t  i n  
t h i s  par t  of the i n l e t  duct,  the flow is reversed. However, the d i f fe rences  
between s t a t i c  and t o t a l  pressures on e i t h e r  s ide  of the duct a r e  small 
compared t o  the pressure r i s e  i n  the harrmershock, which ind ica tes  why the one- 
dimensional theory gives good r e su l t s .  Also plotted i n  Fig. 9 is  the s t a t i c  
pressure a t  s t a t i o n  1 a t  a circumferent ial  pos i t ion  of 288 degrees. S t a t ion  1 
is 2.17 m (7.125 f t )  upstream of s t a t i o n  2 and the time delay between the 
two pressure t races  i n  Fig. 9 is about 7.8 milliseconds. The r e su l t i ng  
hanmershock propagation ve loc i ty  is 278.4 mlsec (913.5 f t / s e c ) ,  which i s  
c lose t o  the value of 292. 5 mlsec (959.6 f t l s e c ) ,  obtained from E q .  (1 ) .  
From the veloci ty  of propagation obtained from Fig. 9, it follows tha t  the 
wave on the 90 degree s ide  of the duct leads the waQe on the 270 degree s ide  
by about 47.3 cm ( ~ . 5 5  f t ) .  
r a r e fac t ion  wave from the constant  pressure boundary a t  t i e  entrance t o  the 
bellmouth. A s  shown i n  Fig. 9 ,  t h i s  wave i s  f i r s t  observed a t  s t a t i o n  1 
and then a t  s t a t i o n  2. 
Additional information on the cha rac t e r i s t i c s  of the harmershock wave 
may be obtained from Fig. 10 i n  which the t o t a l  pressure h i s t o r i e s  a re  
traced a t  e igh t  c i rcumft ren t ia l  locat ions during an inflow-bleed s t a l l .  The 
t o t a l  pressures i n  t h i s  f igure a r e  rat ioed t o  t h e i r  respect ive values a t  
about 200 milliseconds pr ior  t o  s t a l l .  The s t r a i g h t  l i n e  i n  Fig, 10 
indicates  t h a t  co r r e spona i~g  pressure peaks appear t o  be displaced ax ia l ly  
by an amount roughly corresponding t o  the time i t  takes tho fan t o  t raverse  
the angle between any two pressure t r aces  being compared. 
Figure 11 presents the co r r e l a t ion  of the pressure r a t i o  across  the 
hamwrshock i n  t e r n  of Mach number fo r  the 585 engine. The Mach numbers 
for  t h i s  f igure are  based on measurements with s teady-state  type in s t ru -  
mentation s ince  there was na high-res ponse t o t a l  pressure instrumentation 
f o r  t h i s  engine a t  s t a t i o n  2. However, only those points were plotted 
fo r  which the s teady-state  compressor s t a t i c  pressure r a t i o  was within three 
percent of the s t a t i c  pressure r a t i o  evaluated from the high-response t rans-  
ducer measurements a t  the time of i n i t i z t i o n  of s t a l l ,  
The predicted shock pressure r a t i o  using Eq. (2 )  i s  exceeded by a wider 
margin fo r  t h i s  engine than for  the TF30 engine. The maximum deviat ion is 
about 7 percent fo r  the point corresponding t o  M2 = .472. Since the one- 
dimt *IS ional  theory assumes uniform pressure circumferent ial ly ,  it i s  possible 
t h a t  the departure between measured and predicted pressure r a t i o s  i s  par t ly  
due t o  the circumferent ial  va r i a t i on  of pressure i n  the hatunershock wave. 
The ex ten t  of the circumferent ial  pressure nonuniformity i n  the hamnershock Y? f 
t 
i s  i l l u s t r a t e d  i n  Fig. 12 where four s t a t i c  pressure t races  corresponding t o  
four d i f f e r e n t  angular positions a re  superimposed, In  order t o  reduce the 
experimental hammershock da t a  t o  an equivalent one-dimensional compression . , 
wave, two averaging procedures can be used. One i s  s i ~ p l y  taking the average 
! of peak pressures recorded by each of the four s t a t i c  pressure transducers,  
J I and the ot5er  is taking the maximum of the average pressure, i.e., the four 
F, pressures a re  averaged a t  each millisecond and then the maximum pressure is 
i, r i
a ,  
. , 
selected.  Figure 13 shows t h a t  the points which were above the curve i n  
I Fig. 11 a re  now below o r  only s l i g h t l y  above the curve when using the f i r s t  
i .  procedure, and t h a t  using the second procedure a l l  points f a l l  below the 
k '  
curve. Therefore, a t  l e a s t  on t h i s  l a t t e r  bas i s ,  the calculated f low-stoppage 
$! . ?I 
<' 8, pressure r a t i o  remalns the l imi t ing  pressure ra t io .  
6 
6: 
i The r e s u l t s  f o r  the GE 1/10 engine a r e  presented i n  Fig. 14. It can 1 be seen t h a t  several  points f a l l  considerably above the curve fo r  zero-flow 
I !! 
< I  shock pressure r a t i o  computed from Eq. (2). Averaging the  two s t a t i c  pressure 
$1 
;i maxima brought two points f a i r l y  c lose  t o  the curve; however, the other 
i 
4 th ree  points were affected very l i t t l e .  I n  an  attempt t o  explain the reason 
f o r  t h i s  departure,  i n  Fig. 15 two neighboring engine i n l e t  s t a t i c l t o t a l  
pressure pairs  were plotted for  a fue l  pulse point corresponding t o  M2 = .397. 
The two t o t a l  pressures were positioned r a d i a l l y  f a i r l y  c lose  t o  the duct 
wall, i.e., i n  the fan- t ip  region. It can be seen t h a t  the s t a t i c  pressures 
exceed t o t a l  pressures by a much wider margin than i n  Fig. 9 fo r  the TF30 
engine. It appears t h a t  flok- reversa l  i n  the f an - t i p  region f o r  the GE 1/10  
engine is much more pronounced than f o r  t he  TF 30 engine. Examination of 
pressure t races  a t  other s t a t i o n s  i n  the engine shows t h a t  flow reversa l  i n  
the f an - t i p  region is establ ished pr ior  t o  any indicat ion of s t a l l  i n  the 
engine core flaw. It i s  l i ke ly ,  therefore ,  t h a t  a t  the time of i n i t i a t i o n  of 
hamershock, flow has a pos i t ive  d i r ec t ion  i n  the  fan-hub region, and a neg- 
a t i v e  d i r ec t ion  i n  the fan- t ip  region. 
The presence of reversed flaw i n  the hanmershock, on an average bas i s ,  
is a l s o  indicated by the one-dimensional theory. Equations (1)  and (2) 
may be generalized fo r  an a r b i t r a r y  flaw ve lac i ty  behind the  shock wave 
- * - - -  
- - - - .- .---. - 
a s  follows : 
As can be seen from Fig. 14, shock pressure r a t i o  computed from Eq. (4) 
with Vse-0.25V2, f a i r s  very well  the three points for  which the averaged 
haamershock in t ens i ty  is  the highest. 
It should be noted t h a t  par t  of the discrepancy observed i n  Fig. 14 
may be a l s o  due t o  the d i f f i c u l t y  i n  accurately determining the e f f e c t i v e  
Mach number. Unlike the other  two engines, the GE 1/10 engine was not 
equipped with a long b u l l e t  nose. S t a t i o n  2 was, therefore,  i n  the  region 
of rapidly varying f lov area. 
The Mach numbers fo r  Fig. 14, as i n  the  case of t he  585 engine, were 
obtained from steady-state  type measurements. Because most of the da t a  on 
the GE 1/10 engine were obtained with some screen d i s to r t i on .  the two 
ava i lab le  dynamic t o t a l  pressure measurements did not provide s u f f i c i e n t  
coverage of flow a rea  t o  obtain an average representat ive Mach number. Only 
those points were plotted fo r  which the s teady-state  compressor s t a t i c  
pressure r a t i o  was within three percent of the dynamic s t a t i c  pressure r a t i o  
a t  i n i t i a t i o n  of s t a l l .  
I n  terms of engine i n l e t  Mach number, the conclusion reached previously 
a s  t o  which s t a l l  method r e s u l t s  i n  the s t ronges t  hammershock i s  modified 
somewhat. Considering only the s t a l l  methods attempted on both the TF30 
and GE 1/10 engines,  Figs. 8 and 14 each show t h a t  the s t ronges t  hannnershocks 
a re  obtained as  a r e s u l t  of s t a l l  caused by an af terburner  t r ans i en t  o r  a 
fue l  pulse. To these, i n l e t  pressure-dis tor t ion s t a l l  must be added fo r  the 
TF30 engine, as  indicated i n  Fig. 8. 
CONCLUSIONS 
Experimental da ta  on two engines, a turbofan and a turboje t  show t h a t  
the s t ronges t  hemmershocks a t  the engine i n l e t  cor re la te  wel l  with engine- 
i n l e t  Mach number. The shock pressure r a t i o  necessary t o  s top  the flow, 
computed on the basis  of engine-inlet  Mach number, forms an  upper bound fo r  
the observed pressure r a t i o s  across the haauuershock based on maximum c i r -  
cumferentially averaged pressure a t  the i n l e t  t o  the engine. The presscre 
r a t i o  across the hanmrershock based on maximum pressure recorded a t  the engine 
i n l e t  by any one pressure transducer does not exceed the flow-stoppage shock 
pressure-rat io  by more than 7 percent. 
Mach number co r r e l a t ion  did not hold fo r  the th i rd  engine, a turbofan 
i n  which fan- t ip  s t a l l  caused s t rong flow reversa l  i n  f ron t  of the engine 
near the duct wall. 
On ~7 individual engine bas is .  hammershock pressure r a t i o  can be 
cor re la ted  i n  terms of compressor system s t a t i c  pressure r a t i o .  
For a given engine-inlet  Mach number the highest pressures a t  the 
engine i n l e t  were obtained as  a r e s u l t  of s t a l l  caused by i n l e t  pressure - 
d i s to r t i on ,  a fue l  pulse. or an af terburner  t rans ien t .  For a given com- 
pressor ~ r e s s u r e - r a t i o .  i n l e t  pressure-dis tor t ion s t a l l  produced the highest 
pres . J r e  a t  the engine i n l e t .  
The higbest engine-face s t a t i c  pressure during s t a l l ,  taking i n t o  account 
a l l  t l r e e  engines, was about twice the engine i n l e t l b t a t i c  pressure. 
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Figure 7. - Correlation of hammershock pressure ra t io  in terms 
of f an  duct to  engine in le t  static pressure ratio, GE 1/10 engine. 
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o INFLOW BLEED 0 FLIGHT SIMUL. 
o ACCELERATION 0 T-DISTORTION 
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F igure  8. - Dependence of hammershock pressure  rat io o n  
engine i n l e t  Mach number  TFX) engine. 
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Figure 9. - Variation of total and static pressures at stations 
1 and 2, TF30 engine. 
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Figure 10. - Engine inlet total pressure histories dur-  
ing stall, TF30 engine. 
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Figure 11. - Dependence of hammershock pressure ratlo 
on engine inlet  Mach number, J85 engine. 
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Figure 12. - Superimposed pressure histories at the engine inlet 
during stall, J85 engine. 
v MAXIMUM OF THF. AVERAGE OF 
FOUR CIRCUMFERt?tTIAL 
PRESSURES, (p4p21 
AVERAGE OF MAXIMUM PRESSURES 
RECORDED DURING STALL, ( i 4 p 2 )  
F igure  13. - Effect of pressure averacing o n  the  hammer- 
shock pressure rztio, J85 engine. 
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Figure  14. - Dependence of hammershock presslrre ra t io  
on  engine in le t  Mach number,  GE 1/10 engine. 
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Figure 15. - Variation of total and static pressure at the engine 
inlet during stall, GE 1/10 engine. 
